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EXECUTIVE SUMMARY

The Propulsion Engineering Research Center had another very successful year in 1994, and stands
as a mature and potent contributor to our country's efforts in propulsion. Overall, the Center continued to
make all its marks toward meeting its original mission as one of the University Space Engineering
Research Centers. We have an integrated program that combines four basic elements: student education; a
propulsion-focused research program; minority recruitment; and service to the propulsion community. The
Center is a key and productive member of the propulsion community, and is well-positioned to make an
evolutionary move to a self-supporting research center.

The Center is comprised of faculty, professional staff, and graduate and undergraduate students, as
well as computational and experimental laboratories. The research program encompasses research issues
related to liquid, solid, and hybrid chemical propulsion, and anti-matter and electric propulsion. Significant
research efforts in propulsion for air and land transportation augment the space propulsion focus.
Government propulsion laboratories and the U.S. propulsion industry are involved extensively in the
program, and now support aboet 70% of the Center’s research, with most of the remainder coming from the
base USERC grant. Most of the base grant is used to support graduate students, and starting in 1995, the
base grant will be used exclusively to support students.

Our primary mission is student education in classical engineering and science disciplines upon
which propulsion applications are built. Students receive formal training in a traditional academic program
and receive research training under the direction of their advisors and senior research staff. The number of
well-qualified U.S. students who wish to pursue graduate research at the Center remains high. Over this
reporting period, 96 graduate students and 22 undergraduate students were involved in research at the Center.
To date, 78 students from the Center have graduated from Penn State with advanced degrees in engineering
and science. Twenty-eight of the 78 have gone on to careers in U.S. propulsion-related industries, while ten
graduates are now located at government labs, and ten graduates have begun their own research programs at
academic research institutions. In the last reporting period, 21 students graduated with advanced degrees. At
our current size, about 20 students from the Center graduate each year with advanced degrees.

The past year was marked mostly by consistent achievement. Not all the news was positive,
however, and significant challenges were faced on several fronts. A general lull in the space program
jeopardized our on-going research programs, and the softness of the employment market made student
placement quite difficult in the space arena. Finally, NASA announced that in 1995 it will initiate a multi-
year process to shift its support for university research away from the USERC program and into other
avenues. In light of this redirection, we will be challenged to maintain all the beneficial aspects of the
current program, especially in the areas of minority recruitment, community service, and discretionary
research in new topical areas. Of course, activities in the educational and research areas will continue with
the high standards that have been established in these areas.

The adversity we faced last year was offset by a number of positive factors that arose from the
Center’s strengths and capabilities that were developed with the support of the USERC grant. First, several
major new research initiatives were awarded to Center researchers that will provide a stable basis for future
research endeavors. Second, Center students have been quite successful in obtaining employment in areas
other than space propulsion, and increased funding for research obtained from external sources has allowed
us to retain some graduates in the Center as research staff. Third, NASA has committed support for existing
Center students through their graduation; this has a particularly large impact at Penn State, since we have
consistently placed a high percentage of the base grant funds into stdent support. Fourth, the College of
Engineering at Penn State has made a long-term commitment to continue its significant support of the
Center. Finally, the President's new space launch policy offers promise of a recovery in the space
transportation field which will bode well for our Center in the fature.

We have shown that we are able to respond to the needs of our country's space program in a timely
and efficient manner. This ability arose from the support from the USERC program and our commitment to
the ideals of the USERC program. As our research program continues to gain momentum, we expect that
the Center will play a larger role in the future of our country's space program.



EXECUTIVE SUMMARY
Significant Events and Achievements of the Past Year

Externally-funded research support from industry and government labs increased to more than $3M
in the past year. The number of funded research projects increased to 43, up from 36 a year ago. Research
is sponsored by the NASA field centers, DOD laboratories, and the industrial community. The Center's
success in attracting outside funding is a major indicator of its position in the propulsion community, and
the high regards the community has for research perfomed by faculty, staff, and students of the Center.
Significant new starts include studies on hybrid propulsion, tri-propellant combustion, and oxidizer-rich

processes.

In our Minority Program, we initiated a new emphasis on collaborative efforts in research and
education with selected Historically Black Colleges and Universities. Initial contacts were made with the
Aerospace Engineering Department at Tuskegee University and with the Mechanical Engineering
Department at Howard University, and visits to each campus were made by the Director and Assistant
Director. Following a reciprocal visit by two professors from the Aerospace Engineering Department at
Tuskegee, an Assistant Professor of Aerospace Engineering and two undergraduate students from Tuskegee
University spent the summer of 1994 at Penn State. Collaborative research projects are currently being
discussed between several research groups, and faculty from the Penn State Aerospace Engineering
Department are consulting with their Tuskegee counterparts on plans to begin a graduate program in
Aerospace Engineering at Tuskegee.

The Cryogenic Combustion Laboratory, the corerstone of the Center's experimental program, is
efficiently providing data for a number of combustion studies at high pressure conditions. New
measurement techniques have been developed for application in these studies. Quantitative measurements of
stable and transient species concentrations, heat flux measurements, propellant drop size distribution, and
drop and gas velocity measurements have been made. The capabilities of the Cryogenic Combustion
Laboratory have been upgraded considerably to support NASA's initiative to develop a new reusable vehicle.
A liquid hydrocarbon flow capability has been added, giving the Laboratory full operability with liquid and
gaseous oxygen, gaseous hydrogen, and liquid and gaseous hydrocarbons. In support of NASA's interest in
a new reusable launch vehicle, combustors have been tested with oxygen-hydrogen-hydrocarbon tripropellant
combinations, and oxygen-rich combustion has been demonstrated at oxygen/hydrogen mass ratios over
175. A comprehensive research program on injectors has been extended to include gas/gas injectors.

Our interactions with the propulsion community are numerous and substantive, as clearly
evidenced by the broad research support noted above, and the Center has an international reputation for
research excellence in propulsion. Interactions include numerous technical presentations at national and
international conferences; publications in refereed technical volumes; public service through active
participation on national technical committees, panels, and consortia; and most importantly, career
placement of Center students throughout the propulsion community. Of the 21 Center students who
graduated with advanced degrees this past year, five started working in a propulsion-related industry in the
U.S. and five are working at academic research institutions in the U.S. A number of individuals visited the
Center to review our program, representing various NASA centers, the Air Force, all major U.S. engine
contractors, and several international corporations and laboratories. Two NASA employees participated in
our NASA Seminar Series.

Two Ph.D. students from the Center, Michael Foust and Joseph Oefelein, were awarded the AIAA
Liquid Propulsion Technical Committee Graduate Scholarship Award, presented annually at the Joint
Propulsion Conference. These awards mark the fourth time over the past six years that students from the
Center have been recognized in this way.

The Sixth Annual Symposium was beld at the Lewis Research Center in September. The
Center's Symposium has developed into one of the premier technical meetings on space propulsion in the
world, with over 100 registered participants at this year's meeting representing government laboratories,
NASA headquarters, small business contractors, and all the major rocket engine contractors. Forty-seven
papers were presented. Eighteen of the 47 presentations were made by Center students. The Seventh
Annual Symposium will be held at the Marshall Space Flight Center in September, 1995.



INTRODUCTION

The U.S. has an urgent need for improved propulsion technologies for launch and upper stage
vehicles. Increased space activity globally, entries into the commercial market by Russia and China, and a
growing awareness that old fleets of launch and trans-orbital vehicles cannot compete with newer vehicles
has led to increased development activity in countries with major space programs. There are a growing
number of countries in Europe and Asia with viable space programs. The present National Space
Transportation Policy as put forth by the Office of Science and Technology restates the criticality of the
U.S. space program in terms of achieving national goals, and recognizes that reliable and affordable access
to space is a fundamental goal of the space program.

The Propulsion Engineering Research Center at The Pennsylvania State University plays an
important role in our country's strategy to gain routine access to space through improved propulsion
technology. The Center's objectives remain unchanged from those espoused at the time the Center was
established in 1988. Specifically they are: (1) to provide a continuing supply of graduates at all degree
levels for the propulsion community; (2) to conduct focused research that leads to improved technologies in
propulsion; (3) to enhance participation in engineering by umder-represented minorities; and (4) to interact
with and aid industry by disseminating research results and performing various community services.

Our general approach toward achieving these objectives has been to develop a broadly-based
research program that will attract U.S. students to study at the Center and U.S. government laboratories and
propulsion contractors to fund Center research. There are four basic elements of our program:

. A diverse and fundamental research program oriented toward space propulsion applications
with its roots in the classical engineering and physical sciences;

. State of the art laboratories for experimental and computational studies;

. A well-integrated selection of propulsion-based and propulsion-related courses at both the
undergraduate and graduate levels; and

. Long-term support for an integrated core of students and research staff to study a wide scope of
propuision-related problems.

The Center's success in meeting its objectives is clearly indicated. An excellent group of students
have undertaken graduate study at the Center to continue their graduate studies in propulsion-related
sciences. The benefit to our country's propulsion industry is most clearly evidenced by thirty-eight students
with advanced degrees from the Center who have gone into the U.S. propulsion community as permanent
employees. Currently there are 96 graduate students and 22 undergraduate students participating in
propulsion research at the Center, three-quarters of whom are U.S. citizens. The enrollment of minority

4



graduate students in the Departments of Mechanical and Aerospace Engineering has been impacted in 2
definite and positive way by our program to recruit minority students, and innovations to increase the
efficacy of this program are being implemented. Research support from industry and govemment
laboratories has grown substantially each year, and now exceeds the support from the USERC grant by a
factor of three. These research efforts are directed by a total of eighteen faculty from four different
University departments, and are disseminated to the community through a number of ways including our
own Annual Symposium on Space Propulsion.

The Center has become an important part of the propulsion industry in the U.S. We have been
partners in cooperative research efforts with all the major U.S. government rocket propulsion agencies and
all the major U.S. liquid propulsion contractors. The Center is a major resource for the propulsion
community and provides both a basis for technology advancements and graduates in science and engineering
with a sound technical background to work on the challenges of space, air, and land transportation.

The research program encompasses three broad propulsion areas: space propulsion, air-breathing
propulsion and internal combustion engines. The primary emphasis in the space propulsion work is on
chemical rockets, including solids, liquids and hybrids, with a secondary emphasis on advanced propulsion
concepts. The focus is on liquid rockets, most specifically combustion devices, along with some
turbomachinery efforts. The work in advanced propulsion concepts includes several different topical areas
that provide breadth to the Center's space propulsion efforts. The air-breathing work is focused on
combustion-related issues in gas turbine engines, while the internal combustion work addresses similar
combustion-related topics in both spark ignition and Diesel engines. These complementary topics are well
integrated into the Center and provide important synergism by ensuring that our students acquire a broad
overview of propulsion and that technology transfer is stimulated.

The present document has been prepared to describe the status of the Propulsion Engineering
Research Center and its progress over the period from November 1993 through October 1994. In Volume I,
an overview of the Center's organization is presented along with information on the Center’s current status
and accomplishments in three areas tied to our primary objectives - Education, Propulsion Community
Interactions, and Research. Appendices in Volume I include information on past and present faculty and
student involvement along with a listing of publications and presentations. Volume II of this report
contains the Proceedings of the Propulsion Engineering Research Center's Sixth Annual Symposium,
where more detailed information on current research at the Center can be found.



ORGANIZATION

The Center is comprised of an integrated group of students, faculty, and staff looking to provide
fundamental solutions to a diverse set of problems related to propulsion. The key individuals involved in
the management of the Center are identified in Table 1. The USERC program is managed through NASA
Headquarters. The Center Director acts as Principal Investigator, and is generally responsible for the Center.
The Director, along with the Associate Director and the Assistant Director develop and implement policies

and strategies for research and education relevant to the propulsion needs of our country.

The Center's Policy Advisory Board is made up of propulsion experts from NASA, industry and
academia. This group is charged with helping to guide long range development to ensure that the Center
can capably respond to the nation's space propulsion technology needs. The Policy Advisory Board met
twice during the present reporting period to evaluate the overall progress of the Center from an objective,
external viewpoint, and to advise in matters of policy and research emphasis. This year Professor Warren
Strahle passed away. Professor Strahle was an original member of the Board who made a number of
valuable contﬁbﬁtions to the Center; he will be greatly missed. The Technical Review Committee is
composed solely of NASA personnel, and represents NASA Headquarters and the Lewis, Marshall, and Jet
Propulsion Laboratory field centers. The Technical Review Committee is charged to evaluate the Center's
progress and to make recommendations regarding the Center to the Director and to the USERC Program

Manager.

A primary responsibility of the Center Director is to allocate USERC funds according to Center
objectives. A breakdown of the actual distribution for 1994 is shown in Figure 1. As has been the case
in previous years, funding for students was the dominant portion of the USERC funds expended. This
distribution of USERC funds reflects the primary USERC objective - student education. Funds allocated to
students include direct student support in
the form of NASA traineeships and Miscellaneous Student Costs:

Expenses - Stipends
- Tuition and Fees

research assistantships, as well as the

payment of tuition and fees. While Research
approximately half of the Center funds go

directly to student support, most of the

remainder indirectly supports the student Capital
program via administration, equipment Equipment
purchases for student research, and salaries Administration 1994 DISTRIBUTION

for experienced staff to help faculty direct  Figure 1. USERC funds are distributed according to Center goals.

student research.



Table 1. Organization and Management Structure

USERC PROGRAM MANAGEMENT

Mr. Gordon Johnston, USERC Program Manager,
Office of Advanced Concepts and Technology, NASA Headquarters

CENTER_ADMINISTRATION

Dr. Charles Merkle, Director and Professor of Mechanical Engineering

Dr. Robert Santoro, Associate Director and Professor of Mechanical Engineering
Mr. William Anderson, Assistant Director

Mr. John Raiser, Administrative Coordinator

POLICY ADVISORY BOARD

Dr. Robert Corley, Chief Scientist, Propulsion Directorate, Air Force Phillips Laboratory
Mr, George Cox, Group Leader, Combastor and Augmentor Design, Pratt & Whitney
Dr. Larry Diehl, Chief, Space Propulsion Technology Division,

NASA Lewis Research Center
Mr. Stephen Evans, Director of Advanced Technology Programs,

Rocketdyne Division, Rockwell Corporation
Mr. Robert Sackheim, Deputy Director of Propulsion and Fluid Mechanics Center, TRW
Dr. Adam Siebenhaar, Manager, Space Propulsion Programs,

Aerojet Propulsion Division, GENCORP
Mr. George Young, Deputy Chief, Component Development Division,

NASA Marshall Space Flight Center

IECHNICAL REVIEW COMMITTEE

Mr. William Escher, Technical Review Committee Chair, Earth to Orbit Program Manager,
Office of Advanced Concepts and Technology, NASA Headquarters

Dr. Larry Diehl, Chief, Space Propulsion Technology Division,
NASA Lewis Research Center

Dr. Philip Garrison, Manager, Propulsion and Chemical Systems Section,
NASA Jet Propulsion Laboratory

Mr. John McCarty, Chief, Propulsion Laboratory, NASA Marshall Space Flight Center

The USERC grant was a major factor in recruiting well-qualified students to the Center, and there
has been a steady increase in both the number and quality of the applicants. Students were attracted by the
availability of direct student support, the reputation for research excellence in propulsion, and the visibility
of being associated with the Center. Throughout the first five years of the Center, USERC funding enabled
us to commit support to outstanding students early in the recruiting year, while providing the student a
broad selection of project and technical areas in which to work. Another factor in student recruitment was
the acquisition of major research equipment that enhances the quality and relevance of our research efforts.
Finally, the USERC grant has impacted both student recruitment and student education through enabling
the assembly of a core of experienced research staff to help guide students in their research, and to provide
support to maintain a small but effective administrative infrastructure.



FIGURE 2. PROGRAM STUDY AREAS IN PROPULSION

PROPULSION STUDY AREAS
Solid Liquid
Chemical Chemical “C‘z‘;anf
Propulsion Propulsion cep
. Electro- Nuclear
g‘;;mwm thermal Thermal
Propulsion Propulsion
Turbomachinery Devices Combustion Devices
Bearings Aero- and Spray Heat Transfer
and Hydro- Combustion/ Combustion and
Seals Dynamics Combustion Stability Fluid
Diagnostics Mechanics

USERC funds were also used to establish the direction and focus of the Center’s research program
at its outset, and to ensure that the Center's research efforts are integrated and mutually synergistic. The
structure shown in Figure 2 was planned and was determined largely in the early phase of the Center when
specific research areas were nurtured with funding from the USERC grant. The space propulsion arm of the
Center's research program consists of three main areas that cover most space transportation applications:
liquid chemical propulsion, advanced propulsion concepts, and solid chemical propulsion. The breadth
across propulsion areas shown in Fig. 2 exposes our students to a variety of significant propulsion
technologies including those representing long-term applications. The research emphasis in space
propulsion is on liquid chemical propulsion, which is the dominant area of interest to the U.S. space
program today and in the foreseeable future.

The liquid chemical propulsion emphasis is segmented into two focal areas that contain the bulk of
the research being performed at the Center: combustion devices and turbo-machinery. Depth in the liquid
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rocket area promotes synergy between individual research projects and stimulates research excellence.
Strong combustion research programs in gas turbine, diesel, and spark ignition engines also exists within
the Center that complement the combustion and turbomachinery liquid rocket research. Additional
turbomachinery and materials research programs at the University also provide a major resource to Center

personnel through course work and formal and informal interactions.

Since an end goal of the USERC program was that the Center become self-sufficient, two recent
strategies have been to re-program funds to enable new research initiatives in discretionary areas, and to
continue to build our experimental and

computational capabilities. Wise

investments in discretionary research 3.5 — o e ey
funding and capability resulted in major 3+ USERG Grant
o Outside Funding
new awards this past period in hybrid & 2.5+
propulsion, tri-propellant combustion, 8 2 +
and oxidizer-rich flows. These major E 1.5 -
awards resulted in another large increase é 1 -
in the amount of support obtained from = 0.5
outside sources in 1993. An 0 sy

8/88- 3/B9- 37/90- 3/91- 11/81- 11/92- 11/93-

illustratration of the hiStOTy of the 2/89 2/90 2/91 10/@1 10/92 10/93 10/94

relative distribution between USERC
L . L ‘ Figure 3. The USERC grant provided the basis for
funding and outside funding is shown in the development of a research program now funded

Figure 3. predominantly by external funds.

The recognition that the students, faculty, and staff of the Propulsion Engincering Research Center
represent a significant resource is indicated in Figure 4, which shows the present relative research support
between industry, government laboratories, and the USERC grant, as well as support received from the
university and through fellowships and scholarships. Tt is important to note that the Center became a resource
for the U.S. propulsion community on the foundation provided by the USERC grant. A mechanism to

replace this key ingredient is needed to ensure continued success of the Center.

Recruitment of minority students and interactions with the propulsion community are other Center
efforts enabled by the USERC grant. Interactions with others in the field have naturally become more
extensive as the amount of externally-funded research increased. A number of faculty, staff, and students
have contributed to the success of the minority program, which required a concerted effort and funding from
the base grant. The minority program was oriented toward undergraduate students over its first four years,
and has positively impacted the diversity of our student population. Twenty-two students have participated

in our minority program, of whom many have gone on to graduate school.



Penn State

A final aspect of the Center's

Government

Labs USERC Grant structure is the continuing support from the

University. The University recently made a
long-term commitment to pay half the
administrative costs of the Center and to
industry provide matching money on major equipment
Fallowshins & purchases. The University has also been
Scholarshipe generous in providing research space. We
Figure 4. Center research program is widely supported. presently occupy three-quarters of a modern,
three-story research building. These co-
located offices and laboratories have been an essential ingredient in the Center's progress by enhancing
interactions between students and faculty. A remote test site was also allocated and refurbished by the
University to allow the development of the Cryogenic Combustion Laboratory, which is a key component
of the Center's research program. Lab and office space allocated to the Center presently stands at about
18,000 square feet. Additional University support includes fellowship awards to several Center students and

overhead sharing.

In the last period, NASA announced its plans for an orderly transition of all the USERC's to a self-
sufficient status. Starting in 1995, all USERC funds will go directly to supporting students who were
resident in the program in 1994. NASA has committed to continue this support through the students’
graduate careers. The immediate effects of the decision to transition to self-sufficient operation probably
impacted us less than any other USERC, since we have historically placed most of the USERC grant into
student support, and thus there was a large number of students eligible for continued NASA support.
However, the long term impact will be serious and the Center administration and the Policy Advisory Board

will focus on this key issue this year.

We have shown that we are able to respond to the needs of our country's space program in a timely
and efficient manner. We purposefully developed this ability, which arose from our commitment and
NASA's support through the USERC program. We are challenged now to maintain our capabilities and
research focus, and to keep our productivity at current levels without the basis of support the USERC

program has provided.

Our plan is to continue the Center with as little interuption as possible. Although USERC
funding levels will be gradually reduced, we have worked to place ourselves in a competitive position to
obtain funding for research through initiatives from government labs, and we expect that an increase in

externally-funded research programs will help to maintain the current research activity. The Center's role in
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the propulsion community will become more important in the future as our research program continues o0

gain momentum and as corporate labs shift their attention toward more applied research.

Without a major new development effort in space transportation, we expect most of our graduates
will be hired by small firms working in space propulsion or by companies outside the propulsion field. We
also anticipate being able to continue to hire some Center graduates as post-doctoral research staff. We have
already shifted the empasis in the minority program toward research collaborations with HBCU's; without
the USERC grant, the support to enable these efforts must now come directly from a specific funding
agency. Without a centralized thrust, these interactions must be initiated and followed through by individual
faculty members. Since the Center is an established research institution with an international reputation for
research excellence, most of the important community interactions will still come about through individual
faculty and staff. However, some of the community services that the Center has provided in the past, for
example, hosting the First International Symposium on Liquid Rocket Combustion Stability, will be

difficult to continue.
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EDUCATION

Education is the Center's foremost role. We have made major efforts to attract students whom are
motivated and highly-qualified, and to better the diversity of the student population. The students in the
program have been outstanding and are a convincing and visible demonstration of the Center's effectiveness.
A number of features are incorporated into the Center to attract these quality students. Primary among them
are an active and visible research program in an exciting technical area; a highly respected faculty, modern
and well-equipped experiment:il and computational laboratories; a good selection of courses related to

propulsion; and an attractive physical plant.

The number of well-qualified U.S. students who chose to focus their graduate studies on
propulsion grew again in 1994, Figure S gives a historical perspective of student participation at the
Center since its inception. As seen from Figure 3, the primary focus of the Center's educational program is
at the graduate level, and is augmented by significant undergraduate involvement. Ninety-six graduate
students worked on research projects

in air, land, and space propulsion

applications in the present reporting 1o I MS:PED Stud;ms ‘ '
period. Our graduate students come T 80 Undergraduates

from undergraduate programs widely %] 60

dispersed across the United States, as E

well as from countries from around § 40

the world. Over 70% of the graduate '[,,:‘) 50

students are U.S. citizens. During

this reporting period, four NASA ° 1988 1989 1990 1991 1992 1993 1994

employees and three Air Force

Figure 5. Student participation at the Center continues

employees were students at the
to grow.

Center. Appendix A includes a list of

Center students.

Since its inception, the Center has also had a program to enhance minority participation in the
space program. Qur first efforts, which were channeled into the Summer Undergraduate Program, were
oriented toward providing minority undergraduate students in science and engineering with a research
experience in a propulsion-related area. The program was designed to provide the minority undergraduates
with a first-hand experience of graduate school and to acquaint them with career opportunities in science and
engineering. The number of minority students in our own graduate program was also impacted positively

by the Summer Undergraduate Program.
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A pew minority emphasis was initiated during the past year that is designed to build substantive
ties with individual faculty at minority academic institutions and to provide a more direct impact on our
graduate program. The first steps were taken when members of the Center visited Tuskegee University and
Howard University. Interactions with the Aerospace Engineering Department at Tuskegee have gone
exceptionally well, and as a result, Dr. Eric Sheppard from Tuskegee spent the summer of 1994 at the
Center working on computational studies of reacting shear layers. Two Tuskegee undergraduate students
also spent the summer at Penn State as summer interns. The future of the Tuskegee - Penn State effort
looks quite bright. Collaborative research efforts between the two schools are being pursued, and these will
probably serve as a model for many of the Center's future efforts in this area. It is currently envisioned that
students and faculty from the minority institution will have access to the Center's excellent experimental
and computational facilities as part of these interactions.

Undergraduates are involved in the propulsion program through their participation in our research
efforts and through classroom teaching by Center faculty. Undergraduate research involvement is fostered
by summer programs that are open to undergraduates from across the U.S. Penn State undergraduates are
involved at the Center throughout the school year. Bringing undergraduates into the Center to assist in
research is an effective way of encouraging them to consider careers in propulsion as well as further stdies
in graduate school. Each undergraduate is assigned an individual faculty adviser and a graduate student
mentor. Undergraduates work on a particular research project alongside graduate students to provide them
with a first-hand glimpse of research and graduate school. In the present reporting period, a total of 22
undergraduates were involved in research at the Center.

Graduate students in the Center have been generally supported as a NASA Trainee, a Research
Assistant, or a NASA Graduate Student Researcher (GSRP). NASA Traineeships have been funded out of
the USERC grant and provide fellowship support for students having exceptional academic records.
Research Assistantships are funded either by external grants or by the USERC grant. The GSRP award is
funded on a competitive basis by the individual NASA centers. Center students who have been recipients of
various scholarship awards are listed in Table 2.

The faculty and students that comprise the Center are drawn from the College of Engineering and
the College of Science. In the College of Engineering, the Departments of Aerospace Engineering,
Engineering Science and Mechanics, Mechanical Engineering and Nuclear Engineering are involved, while
the Department of Physics represents the College of Science. The faculty in the Center work individually
with the Center students as research advisors, providing specialized training in research for all students, and
provide formal instruction in the classroom.
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Table 2. 1994 Trainees and Fellows

NASA Trainees
Philip Buelow, Mechanical Engineering

Tom Prevish, Mechanical Engineering
Douglas Schwer, Mechanical Engineering
Kevin Wert, Mechanical Engineering
Lance Werthman, Aerospace Enginecring
Joseph Wicker, Aerospace Engineering

NASA Graduate Student Researchers

Russell Daines, Mechanical Engineering
Michael Foust, Mechanical Engineering
Joseph Oefelein, Mechanical Engineering
Michael Ondas, Mechanical Engineering
Mark Schmidt, Mechanical Engineering

National Institi ¢ Standards and Technol
Aaron Johnson, Mechanical Engineering

Palace Knight (Air Force Phillips Lab
George Harting, Mechanical Engineering

AASERT (Air F Office of Scientific R )
Eric Boyer, Mechanical Engineering
Julian Laxton, Mechanical Engineering

Bryan Quay, Mechanical Engineering
Shamim Rahman, Mechanical Engineering

Students also have abundant opportunity to attend seminars given by invited speakers who are
recognized experts in the propulsion field. One aspect of our educational program is the NASA Seminar
Series, which has enhanced the students' awareness of the practical technology aspects of their research and
career opportunities in propulsion. As seminar speakers, representatives from various NASA and Air Force
locations come to the Center and receive an overview of the Center’s projects, status, and goals, and conduct
informal discussions with faculty and stdent groups during laboratory tours and demonstrations. The
presented seminar is intended to give students and faculty alike an exposure to "real-world” concerns ranging
from social to programmatic to technical issues. The seminars also serve to familiarize students and faculty
with NASA capabilities and potential career opportunities. Speakers in this series to date have represented
Lewis, Marshall, Kennedy, Stennis, Johnson, Langley and Headquarters as well as the Air Force Phillips
Laboratory and the U.S. Congress. A list of seminar speakers over the past two years is given in Table 3.
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Table 3. 1993-94 NASA Seminar Series Speakers

¢ Jume 20, 1994 Dr. Isaiab Blankson, NASA Headquarters
"Research Needs for Hypersonic Vehicles”

e March 15, 1994 Mr. John Facey, NASA Headquarters
“Emerging Technologies”

« November 4, 1993 Mr. Mark Fisher, Marshall Space Flight Center
"Saturn and Shuttle Boosters”

« September 10, 1993 Mr. William Knuth, The University of Tennessee
"Full-Flow, Staged Combustion Rocket Engines”

* September &, 1993 Mr. Richard Ryan, Marshall Space Flight Center
"Results from NASA's Access to Space Study”

» April 28, 1993 Mr. Dennis Bushnell, NASA Langley Research Center
"Hypersonic Airbreathing Propulsion -

Research and Applications”
+ March 31, 1993 Astronaut Guy Bluford, Johnson Space Center

"Space Transportation - An Astronaut's Perspective”

e January 15, 1993 Mr. Gerald Pitalo, Stennis Space Center
"Propulsion Activities at the Stennis Space Center”

Finally, the Center's education program extends to K-12 students. Last year two high school
students worked at the Center for two weeks under the direction of a senior graduate student The students
came to Penn State under the auspices of the Space Grant College program and worked on characterizing the
effect of high ambient pressure on spray formation processes. Other interactions are in the form of
presentations to youth groups and grade school students, an annual Open House for high school students
interested in engineering, participation in the annual High School Student Intemn Program in Engineering
and Technology, and laboratory tours for the State College High School Science Club.
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RESEARCH

The Center's research program was filled with highlights over the past year. In additiontoa
number of notable research achievements, several major new research projects were started that are core to
NASA's goals of reliable access to space. External funding for research increased again considerably, and
now exceeds the base USERC grant by nearly a factor of three. The six previous years of bard work have
clearly come to fruition, and the value of the products of the Center's research program is evident.

Our space policy calls for more reliable and affordable access to space. Because the cost of
developing an advanced launch vehicle will consume a large portion of our country's available resources, and
operating costs even more, an accurate prediction of the proposed system's operational and performance
characteristics is the key to selecting the right vehicle concept for development. Two propulsion technology
areas that are being investigated are hybrid motors and advanced reusable launch vehicles. Three projects that
utilize the Center's capabilities to directly support these areas were initiated this past year.

Hybrid motors offer the potential for safe and reliable boost. The Center's new project in this area is
a collaborative effort between two research groups that will provide an engineering technology base for
development of large-scale hybrid rocket motors as well as a fundamental understanding of the complex
processes involved in hybrid propulsion. A hybrid motor test cell has been installed in the High Pressure
Combustion Laboratory, where it will be used to produce data on the fundamental processes involved in fuel
decomposition and boundary layer combustion. A companion analytical study is being conducted at the
Center in the Computational Propulsion Laboratory.

Present space policy further calls for the development of a new reusable launch vehicle and
specifically for an investigation into the technologies required to develop a single-stage-to-orbit (SSTO)
capable vehicle. Two research programs were initiated at the Center in the last reporting period that support
the SSTO effort: tri-propellant combustion and oxygen-rich flow and combustion processes. Tri-propellant
liquid rocket engines use the H2/O2/RP-1 propellant combination to help achieve the low vehicle weight that
is required for an SSTO vehicle. The use of oxygen-rich preburners may enable more robust liquid rocket
propulsion systems. Both of these projects are comprised of companion experimental - analytical tasks
conducted by collaborating research groups at the Center.

Our strategy to become a world leader in propulsion research called for the development of an
assembly of unique experimental and computational capabilities. Extensive computational facilities include
on-site microcomputers, workstations and mini-supercomputer, the University mainframe computer, and
ready access to supercomputers at a variety of locations across the country. The Computational Propulsion
Laboratory at the Center has a local assembly of 20 RISC 6000 workstations and a CRAY J-916, all
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connected through ETHERNET to the University fiber-optics network and national supercomputer centers.
The CRAY was added in anticipation of new research starts and to ensure Center researchers have access to

the latest technology.

The Cryogenic Combustion Laboratory (CCL) is the comerstone of our experimental program.
This unique laboratory was developed to address a critical need of experimental facilities and research
expertise necessary to study combustion, materials compatibility, and heat transfer under realistic
conditions. On the following page, a photograph of Penn State's optically-accessible rocket at the CCL in
operation with GH2/GOX propellants and a shear coaxial injector is shown. Access for observation and
measurement is allowed by a 2-inch diameter quartz window.

The two research emphasis areas at the Cryogenic Combustion Laboratory are the development and
application of advanced diagnostic techniques for studying basic physical processes in rocket environments;
and production of experimental data that are being used for a number of projects, including validation of
reacting CFD codes, injector studies, tri-propellant combustion studies, oxidizer-rich process studies, and
combustion instability mechanism studies. The laboratory consists of a test bay, a control room, an
instrument room where most of the optical diagnostic equipment is located, and a gas storage area. The lab
provides students with hands-on experience with rocket testing and with the safety and practical issves
associated with handling cryogenic propellants. Its capabilities were recently upgraded to prepare for
NASA's initiative for a reusable launch vehicle. Propellant flow capabilities include gaseous and liquid
oxygen, hydrogen, and gaseous and liquid hydrocarbons with flowrates at the uni- and few-clement scale (~ 1
1b/s) and test operating pressures to 1000 psia.

An overview of the space propulsion research underway at the Center in the areas of liquid
propulsion and advanced propulsion concepts is given below. A few short descriptions of representative
research results are provided for illustrative purposes. Extended abstracts of Center research projects in space
propulsion are contained in Volume II of this report, the Proceedings of the Sixth Annual Symposium.

Liquid Chemical Propulsion

Qur efforts in liquid chemical propulsion are designed to impact two practical areas: combustion
devices and turbomachinery. In general the research efforts include a substantial experimental component
with coordinated support in computational fluid dynamics (CFD) and/or other analytical areas. The work in
combustion devices is comprehensive and encompasses spray combustion and spray diagnostics, combustion
stability, and fluid mechanics and heat transfer. Extensive research activities in gas turbine and automotive
engine combustion enhance the rocket work and provide cross-pollination of technology across the three
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areas. The turbomachinery research focus area is comprised of research efforts on bearings and seals, and
hydro- and aero-dynamics.

The main combustor of a liquid rocket engine is a critical component that largely determines the
performance of the vehicle. The injector is a key combustor component because it controls the formation of
propellant sprays and subsequent mixing and vaporization, and determines the conversion efficiency of
chemical energy to thermal energy and the heating loads on the chamber walls. Increased understanding of
the spaycomhmﬁonpmc&smdﬂsmamgmtwmlmdwmmedmbkmdmmewmomialrocka
engines. The Center has developed a comprehensive research program in spray combastion, focusing on the
pmmsesofmﬁnxymdmﬁmyammimﬁm,dmphtmmaﬁvapaimﬁonmdr&cﬁm,mmm
emphasis on the development of new experimental techniques to stady spray and combustion processes,
applimﬁonofﬂmetechniquesmgamfmmermdasmdhlgmmmebasicproc&sses,anddevdopmemof
theoretical models for propellant atomization and vaporization.

'Omexpahnmmlwodcmspmysmdnd&soanpkmmmymchmamadsubsaofspmy
combustion issues that covers the important practical aspects. The common injector element types,
impingingjetandshwandswirlcoa:daljetinjeaas,arebeingsmdiedmdetermmetheincipientbmhxp
mechanisms and to characterize the resultant spray field. These measurements are being compared to
conelaﬁonscnmenﬂyinnsebyengined&sigmaswellasprovidingvalidationdataformd:anistic
atomization models and input for CFD models. On the other side of the scale, individual droplets in
isothermal, non-isothermal, and reacting conditions are also being studied to determine droplet drag,
secondary atomization, ignition, and droplet heating characteristics. Experiments are also underway to
providedaxaonevapmaﬂonmddiffusionmmofLOdeaavaﬂetyofcondiﬁm& Effects of sub- and
mper—aiﬁmlmamodynmkopaaﬁngcmdiﬁmsmbdngevdmwdmtheaboveemmm.

Analytical studies complement these experimental efforts. Development of mechanistic models of
wmbusﬁmmc&ss&sismdawayaﬁmoddm&cﬁmsmbdngmpaedmexpahmmldamobmhed
at the Center and other research laboratories. Atomization models and models for two-phase non-isothermal
phenomcnammenw-aiﬁmlandwper-aiﬁmlmgimarebdngdeveloped. CFD models for reacting
flows in combustor/nozzles are also being developed. An example of a cooperative research effort between
anexperhnentz.lgroupandatbemeﬁmlgroupatmeCmterisamojectmobminbencmnalkquaﬁtydamw
provideto&emﬁreﬁquidmcketpropﬂﬁmcommmiwfavaﬁdaﬁmof@basedmbusﬁmwd&.
The optically-accessible rocket chamber shown earlier was designed jointly by the two research groups with
memquimnentmaxmeexpemnemprodwedammopdalefaoodevaﬁdaﬁon To date, measurements of
OH radical concentrations, gas velocity, and the size and velocity of LOX droplets have been made. Results
havebeenprmmdregﬂaﬂyatmeCFDConsorﬁmmeeﬁngshcldatNASAMarshan Space Flight
Center, as well as at national meetings. Recent efforts have focused on the measurement of stable gas
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species using Raman spectroscopy. Figure 6 shows concentration profiles of oxygen, hydrogen, and water

measured in the optically-accessible combustor in a plane 1" downstream of the coaxial injector exit.

S v s T

Figure 6. Concentration profiles of stable gas species in the optically-accessible rocket measured using
Raman spectroscopy. This image shows concentration levels of oxygen, hydrogen, and water in a slice
across the combustor centered 1" downstream of the coaxial injector exit. Oxygen is injected through a tube
in the middle of the coaxial injector and hydrogen is injected through the annulus. Water is formed in the
reaction zone. This data is useful to combustion modelers and injector designers.

The occurrence of high-frequency, high-pressure oscillations is a severe problem that has plagued
rocket designers and one for which a mechanistic predictive design analysis capability is completely lacking.
The Center has a comprehensive program in combustion instability that emphasizes the understanding of
the underlying initiation and sustenance mechanisms and the development of mechanistic models that can
accurately predict the instability phenomena. The two major injector types, coaxial jets (for LOX/H2) and
impinging jets (for LOX/HC and storable propellants) are being studied. The interactions between the
unsteady flowfield and the primary combustion processes of atomization, spray formation, and droplet
vaporization and burning are being studied both experimentally and theoretically. A CFD testbed is under
development to evaluate combustion instability mechanisms numerically and for future use as a predictive

design analysis tool.
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One of the combustion instability projects underway is a study for the Air Force Office of
Scientific Research (AFOSR) that seeks to identify combustion instability mechanisms in combustors
using impinging jet injectors. Figure 7 shows the measured drop distribution of a water spray formed by
impinging liquid jets for various values of an empirically-derived stability parameter (the ratio of the foel's
injector orifice diameter to its injection velocity) that describes the range of instability frequencies that the
combustor can drive. The figure

shows that, as the drop
0.010
distribution produced by the do/V; (9)
v—v 2.59E-05
impinging jet injector becomes 0.008 1 - iﬁ%
narrower and the mean drop size 0.0064
becomes smaller, higher e
0.004 +
instability frequencies can be
driven in the combustor. This 0.002%
result is used to belp understand 0.000-

1200 1400

the root causes of combustion

instability, and offers insight into

- . Figure 7. Distribution of drop size formed by impinging jets as
appropriate strategies o deter the stability parameter, do/Uj; is changed. As the value of the
initiation and growth of stabilityparameterisreduced,theoombusﬁonpmc&ssmcouple
combustion instabilities with higher frequencies of instability.

'Ihetechnologyfocusofprmentcivilspaceuanspomtionpolicyisonprovingtheoonceptof
single-stage-to-orbit propulsion (SSTO), which potentially offers drastic improvements over carrent
systems. Smcedevebpmentwssfmmadvmoedspaoepumeimsystunwmbemmmou&meabimy
wmﬂyMaMeMm&mfmmMWb&viaofmﬁﬂmﬁmwm
is of paramount importance. The use of computationally-based models will play a key role in the design
analysis process. Ommchpmgrammoompumﬁmalﬂniddynmiaemphﬁmmedcvdopmmtmd
validation of analytical tools for the study of combustor, nozzle, and cooling channel flowfields. In space
basedmrusters,fmexample,memajoﬂtyofthefuelmnbemjeaedaswancodant The use of
computational models to evaluate the effects of changes in injection design on near-wall mixing and
combaustion will lead to more optimal combustor design margins. Figure 8 shows three-dimensional
contomsoftempemuneando}{massﬂacﬁoninasmaﬂgasem:shydrogenloxygenmbeingdeveloped
at the Lewis Research Center. The results show that vortical structures are formed that circulate oxidizer
aroundtheﬁeljeswwmdmewan,musmghighmnpemnnemgimsdownsummofmemjecdmpom.
Understandingmesesortsofdetailswﬂlhelpdesignasobminmemultsmmmmmdedbymeir
design. Resds&omm&emdmhetandysesmalsobemgmmmedmexpahnmmlmSNBMawaym
the Center and other laboratories.
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Figure 8. Three-dimensional contours of predicted temperature (K) and OH mass fraction in a small gaseous
hydrogen/oxygen thruster. Mixing and combustion of the hydrogen fuel injected around the chamber
periphery are being investigated. Contours for one quarter of the combustor are shown; three fuel injectors are
modeled in this sector.
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Advances in computational power are enabling simulations on a molecular level. A research
program was initiated over the past period with AFOSR support to model the evaporation of droplets at
supercritical conditions using molecular dynamics implemented on massively parallel processors. The
forces between individual atoms or
molecules are calculated from basic
theoretical and empirical laws. Serial
and parallel codes have been developed,
and a data parallel code for
implementation on CM-5 class
machines and a message passing code for
SP2 type machines are under
development. Figure 9 shows results
from the serial code run on a single
RS/6000 machine for the supercritical
evaporation of a submicron size argon
droplet in equilibrium with its vapor.
There are 996 atoms in the simulation.
The goal is to simulate high numbers of
supercritical hydrogen and oxygen

Figure 9. Subcritical liquid argon droplet in equilibrium with
its vapor modeled using molecular dynamics. There are 996
molecules reacting in the gas phase; atoms in the simulation.

these efforts will require the computing
power of SP2 class machines.

The second major liquid propulsion research category - turbomachinery devices - features programs
in bearings and seals and aero- and hydro-dynamics. Bearings and seals are critical elements in
turbomachinery component designs. The Center program includes development of analytical methods to
study the fluid-structure interaction between flexible foil bearings and lubricants, and evaluation of operating
and lubrication conditions in rolling/sliding contacts with liquid oxygen. This work is funded by the Lewis
and Marshall centers.

Detailed understanding of the complex fluid mechanics of flows through centrifugal pumps and
turbines is necessary for improving the robustness and decreasing the cost of these critical liquid rocket
engine components. The Center’s research program in aero- and hydro-dynamics is focused on the
development and improvement of CFD-based models for turbomachinery component design analysis. The
emphasis here is on developing improved computational models, including improved turbulence models for
pump and turbine geometries, advanced models for pump and inducer cavitation, and methods for enhancing
the convergence rates of traditional algorithms for representative problems in turbomachinery.
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In a Center project supported by Marshall Space Flight Center, a comparative study of by-pass
transition and separation-induced transition to turbulence in turbines has been carried out using three
different low-Reynolds-number k - € models, using measurements made in transonic tarbine cascades for
comparison. It was found that the transition point can be predicted well with all three models in the
presence of high free-stream turbulence provided that artificial dissipation is kept to a minimum. In both
measurement and computation, the separation-induced transition results in a much sharper increase of local
heat transfer rate than the nominal by-pass transition. The effects of Reynolds number, surface pressure
gradient, freestream turbulence intensity, and freestream turbulence length scale on turbine blade transition
have been studied in detail. A modification was introduced into the € - equation to capture strong curvature
effects. The ¢ - modification was found to capture the correct trend, but overpredict the results. Efforts are
underway to modify the turbulence time scale of the production term in the £ - equation. Three-dimensional
Navier-Stokes computations have been carried out for the Penn State turbine nozzle flow with good
agreement obtained for mean-flow quantities, yaw angle, etc., and reasonable agreement for secondary vortex
location and strength.

Advanced Propulsion Concepts

Our research in advanced propulsion concepts is oriented toward systems that offer significant
performance benefits and mission enablement, but whose development timetable is at least one generation
off in the future. Research is oriented toward building the technical foundation required for the practical use
of these concepts. The specific systems under study range from hybrid motors for boost phase propulsion
and rocket-based combined cycle systems for SSTO propulsion, to electro-thermal propulsion for space-
based systems, to nuclear-thermal and fusion-based propulsion for interplanetary travel.

Rocket-based combined cycle (RBCC) systems are comprised of a rocket inside an airbreathing
engine. Both engines are integrated to operate as a single unit to obtain advantages offered by each. A key
feature of the RBCC is that it allows flight from take-off to orbit with a fixed geometry flow path. Center
researchers are modeling the flowfield of these engines to search for ways to improve the efficiency of the
flow processes that may lead to reduced engine size and weight and increased payloads. Present focus is on
the combustor flowfield and the thermal choking process. The combustor is located downstream of the
primary rocket. Since the engine flowpath has no converging sections, thermal choking is necessary to
allow the flow to accelerate to supersonic velocities. Figure 10 shows contours of temperature and Mach
pumber in a slightly divergent axisymmetric combustor flowfield. The flowfield is shown ata 5:1
geometric aspect ratio in the radial direction for clarity. Fuel is injected into the air stream at two radial
locations. High temperature regions occur in the shear layers between the fuel and air. At the duct
entrance, the flow is subsonic. Most of the heat addition occurs in the regions of subsonic flow. The sonic
line is located near the point where duct wall divergence increases. At this point, the heat addition is slowed
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significantly. The flow continues to accelerate to supersonic velocities downstream of this point. These
results are part of a parametric study undertaken to determine the effect of combustor length on the

flowfield.

|

T 1200 1400 1600 1800 2000 2200

Figure 10. Predicted values of temperature and Mach number during thermal choking in a diverging
axisymmetric combustor

Antimatter propulsion offers dramatic potential payoffs in terms of performance for future space
missions. Inertial confinement fusion (ICF) can provide thrust for propulsion applications from plasma
created by antiproton-induced ignition of fission reactions under conditions of high compression. A proof
of principle experiment is underway at the SHIVA Star facility at the Phillips Laboratory to demonstrate
subcritical neutron multiplication due to antiproton fission in targets compressed from 10 to 40 Mbar.
Antiprotons are released from a Penning trap storage device, accelerated to 1.2 MeV by a radiofrequency
quadropole, and focused onto the compressed deuterium target inside an imploding solid liner driven by the
the SHIVA Star capacitor bank. Center researchers are studying ways to effectively transfer the momentum
from the high energy propellant ions to thrust for propulsion. One facet of this work is the development of
devices that can trap, store, and transport antiprotons that are generated in high-energy particle accelerators,

such as those at CERN or Fermilab, to the site of the experiment. Figure 11 is a sketch of a trap proposed
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by Center researchers. The trap is about 1 m tall and 0.5 m wide. To rid the trap of any residual air
molecules that might interact with the antiprotons, the trap is first pumped to a high vacuum leaving just
100 molecules of air per cubic centimeter. The inner walls, maintained at a few degrees above absolute zero
by liquid helium insulation, draw the remaining air particles toward them, and a combination of magnetic
fields generated by permanent magnets and electric fields generated by a 10-volt battery keep the antiprotons

in the center of the chamber.
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nitrogen
(-196°C)
T~ Liquid
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ejection
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shutter

Figure 11. Penn State trap for storage and transport of
antiprotons.
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INTERACTIONS

The Center is an integral part of the space propulsion community in the U.S. From the outset,
interactions with the propulsion community were strong, and as the Center matured, these interactions grew
in a substantive way. Interactions occur in a variety of forms, including placement of Center graduates in
government laboratories and in industry; Annual Symposia; participation on the Policy Advisory Board and
in the NASA Seminar Series; externally-funded research grants and contracts; participation in graduate
programs by full-time NASA employees; publications in technical journals and presentations at technical
meetings; participation in numerous planning groups, advisory panels and workshops; and as editors of

propulsion journals. Some of the highlights of these interactions are described below.

Our most important interaction with the propulsion community is one that will have a dominant
long-term impact - the placement of our graduates in permanent employment positions in the industry.
Since the Center's inception, 38 students with advanced degrees have commenced their professional careers
in the U.S. propulsion community, either in industry or at government laboratories. NASA employees
include three Center students at

Lewis Research Center, three at

80 ——
Marshall Space Flight Center, one 70 L Government
. i Grad 2
at Jet Propulsion Laboratory, one at 60 - cumUIawe1 080 _““,“;95 acemers SHRa
Ames Research Center, and one at 50 P biated
E:J Industries
Langley Research Center. Students § 40
2
have also been placed with Z 30
Foreign and
. . . 20 Non-proputsion
industrial propulsion employers, Industries
. . 10
including Rocketdyne, Pratt and ; Academia/
0 i University Labs
Whitney, UTRC, Martin Marietta, 1989 1990 1991 1992 1993 1994

Fluent, CFD Research, Lockheed,

) Figure 12. Graduate placement over the course of the Center.
Aerospace Corporation, General
Electric, Allison, Garrett, and Westinghouse. Three Center students have participated in the Air Force
Palace Knight program at Phillips Laboratory, where they will commence their professional careers after
graduation. Table 4 lists graduates from the Center during the present reporting period, their degrees, and
their current place of employment. Appendix A contains a summary of all students from the Propulsion
Engineering Research Center who have gone on to careers in the U.S. propulsion community and

elsewhere.
As a complement to these students that have graduated and have been placed in the propulsion

community, employees from NASA and the Air Force have taken advantage of the presence of the Center to

return to school to obtain advanced degrees. Two employees from Marshall Space Flight Center, one each
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from Lewis Research Center and Johnson Space Center, and three employees of the Air Force were enrolled
in the graduate program during the present reporting period. Marshall Space Flight Center is also
supporting five students through the Graduate Student Researcher Program.

Table 4. 1993 - 94 Graduates
Name Degree Current Employment
Michelle Beisler MS Schh
Jeffrey Brown MS Patriot Consulting
Robert Burch PhD Propulsion Engineering Research Center
Yong-Seok Cho PhD Kumkin University, Korea
Kwang-Yoon Choi PhD Samsung Acrospace, Korea
Michael Evans MS Case Industries
James Frolich MS Ford Motor Company
Kumiko Higman PhD Georgia Tech
Tzaung-Huei Huang PhD Taiwan University
Robert Kokal MS Owens - Coming Company
Jongguen Lee PhD Propulsion Engineering Research Center
Scott Lewis PhD Applied Research Laboratory, PSU
Simon Liou PhD Industrial Technology Research Institute
John Matulevich MS York International o
Jobhn Merenich MS Applied Research Laboratory, PSU
Marty Milicic MS TRW
Randy Salizzoni MS General Dynamics, Electric Boat Division
Young-Hoon Song PhD Korea Institute of Machinery and Metals
Frank Tseng PhD CFSU, Taiwan
Corey Weaver MS Ford Motor Company
Myong Yoon PhD Yansei University, Korea

The Center's Annnal Symposium is a formal avenue through which the Center disseminates its
technical findings and interacts with the external propulsion community. The Annual Symposium is
rotated between three locations: our own facilities at the Propulsion Engineering Research Center in
University Park, the NASA Lewis Research Center in Cleveland, and the NASA Marshall Space Flight
Center in Huntsville. This gives both our students and faculty and engineers and scientists at the two
primary NASA propulsion centers opportunity to interact with each other on a regular basis, while
minimizing travel constraints and meeting duplications. The Center's Symposia have developed into an
important annual meeting, with its value enhanced by the three-way site rotation between Penn State and
the Lewis and Marshall centers of excellence in propulsion.

The Sixth Annual Symposium was held at the NASA Lewis Research Center campus on

September 9-10, 1994. A total of 47 papers were presented, representing contributions from academia;
industry; and NASA and Air Force laboratories. Eighteen of these papers were given by students of the
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Center. Table 5 gives the titles and authors of papers presented at the Symposium. The covered topics
included:

 combustors and nozzles

« turbomachinery aero- and hydro-dynamics

» on-board propulsion systems

« advanced propulsion applications

* vaporization and combustion

« heat transfer and fluid mechanics

* atomization and sprays
The Seventh Annual Symposium is planned to take place at Marshall Space Flight Center in September,
1995.

Besides the Symposium, research results from the Center program are disseminated to the
propulsion community by presentations at technical meetings, and through publications in appropriate
journals. A cumulative list of publications, as well as special mentions, honors, panel participations, and
presentations made by Center faculty and students in the present reporting period is provided in Appendix B.

Another distinct interaction between the Propulsion Center and NASA, the Air Force, and industry
is through the Policy Advisory Board in which all these groups are represented. We have an outstanding
group of individuals on our board (Table 1) who have been both active and effective. The Policy Advisory
Board convened twice in the past year: a formal, structured visit coincident with the Annual Symposium;
and a more informal visit in the Spring featuring detailed discussions with individual faculty and students.

Interactions between the Center and the propulsion community also take the form of financial
support for research in specific areas. Externally-funded research projects in conjunction with Lewis
Research Center, Marshall Space Flight Center, and the Jet Propulsion Laboratory; Air Force, Army, and
Navy laboratories; and Pratt and Whitney, General Electric, Rocketdyne, and TRW were underway during
the present reporting period. Center faculty and staff also perform service-oriented tasks for the propulsion
community, such as editorial, peer review, and educational activities. Center faculty have been members of
Technical Review groups for several NASA projects and have participated in numerous NASA and
JANNAF panels, workshops, and consortia.
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SUMMARY

The Propulsion Engineering Research Center has been highly successful on all major fronts. We
have had outstanding success in attracting quality graduate students, and have made substantial progress
toward improving the diversity of the Center’s student population. Our research program is relevant and
productive. We have numerous meaningful interactions with the national propulsion community. The
success of these endeavors is clearly attributable to the presence of the USERC Center.

The Center’s presence has made it possible to attract some of the brightest young men and women
in America to careers in propulsion, and the number of well-qualified U.S. students who chose to study at
the Center has increased each year. Presently, 96 graduate students and 22 undergraduate students are
participating in the research and educational activities of the Center. Thirty-eight students from the Center
have graduated and are working in a propulsion area either in industry or at government labs. Seven of ten
of our current graduate student population are U.S. citizens. We are also actively involved in encouraging
the next generation of students to consider mathematics and science options through our participation in a
number of K-12 outreach programs.

We established a successful minority program to enhance minority participation in the space
program. Qur first efforts were to provide minority undergraduate students in science and engineering with a
research experience through the Summer Undergraduate Program. While the primary impact of that
program was at the undergraduate level, it also had positive impacts on our graduate program. Our more
recent minority initiative was designed to provide a more direct impact on our graduate program by
establishing collaborative educational and research projects with minority academic institutions.

Our research program in space propulsion is deep and broad. Our area of emphasis is liquid
propulsion, with focus areas in combustion devices and turbomachinery aero- and hydro-dynamics. The
liquid propulsion research area is well established and is augmented by research on gas turbine and internal
combustion engines. The breadth of the Center is enhanced by our efforts in solid propellant and advanced
propulision areas, which continues to be an effective means of exposing students to a broad propulsion

perspective.

The Cryogenic Combustion Laboratory, which features capability for liquid and gaseous oxygen,
hydrogen, and gaseous and liquid hydrocarbon propellants, is on line and in routine operation producing data
for a number of research projects. Acquisition of experimental data at realistic operating conditions and
geometries, and development and application of advanced non-intrusive diagnostic techniques for the severe
rocket combustor environment are emphasized. This laboratory represents a unique research facility that
enables us to make effective contributions both in terms of research and student education.
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The Center has established strong ties with the space propulsion industry in many ways, including
graduate placement, joint research projects, professional meetings, organized seminar series, and service on
professional committees. We have particularly strong interaction with NASA's primary propulsion centers,
LeRC and MSFC, the primary liquid propulsion contractors, and other propuision-related government

agencies.

These areas summarize the present state of the Propulsion Center. The quantity and quality of
students attracted to space propulsion have been outstanding. The impact on minorities would have been
impossible without the Center. Excellent experimental and computational facilities enbance the quality and
relevance of our research results, with the Cryogenic Combustion Laboratory being of particular note. We
have developed very strong interactions with the propulsion community through a variety of paths, and
have attracted a substantial amount of external funds. We are providing a steady supply of students with
advanced degrees who wish to start their professional careers in propulsion in the U.S. All of these areas of
success are directly attributable to the presence of the Center established by the University Space
Engineering Research Center program.
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APPENDIX A. CENTER PERSONNEL

PARTICIPATING FA

Eaculty

Marc Carpino
Liming Chang
Fan-Bill Cheung

George S. Dulikravich

Robert M. Edwards
Harold R. Jacobs
Kenneth K. Kuo

Budugur Lakshminarayana
Thomas A. Litzinger

Charles L. Merkle
Michael M. Micci

Robert N. Pangborn

Laura L. Pauley

Richard A. Queeney
Domenic A. Santavicca

Robert J. Santoro

Alok Sinha
Gerald A. Smith
Stephen R. Turns
Kon-Well Wang
Vigor Yang

Staft

Cheryl Adams
William Anderson
Penny Barr
Daniel Boone
Robert Burch
Yunho Choi
Jinzhang Feng
Jongguen Lee
Yu Cherng Lu
Marlow Moser
Mary Newby
Tugiang Ni
Sibtosh Pal
Connie Peters
John Raiser
Larry Schaaf
Virginia Smith

Richard Steinberger
Sankaran Venkateswaran

TY AND STAFF MEMBER

Associate Professor of Mechanical Engineering

Assistant Professor of Mechanical Engineering

Professor of Mechanical Engineering

Associate Professor of Aerospace Engineering

Assistant Professor of Nuclear Engineering

Professor and Head of Mechanical Engineering

Distinguished Professor of Mechanical Engineering

Evan Pugh Professor of Aerospace Engineering

Associate Professor of Mechanical Engineering

Professor of Mechanical Engineering/

Director of Propulsion Engineering Research Center

Associate Professor of Aerospace Engineering

Professor of Engineering Science and Mechanics

Associate Professor of Mechanical Engineering

Professor of Engineering Science and Mechanics

Professor of Mechanical Engineering

Professor of Mechanical Engineering/Associate Director of
Propulsion Engineering Research Center

Professor of Mechanical Engineering

Professor of Physics

Professor of Mechanical Engineering

Associate Professor of Mechanical Engineering

Professor of Mechanical Engineering

Staff Assistant

Assistant Director

Staff Assistant

Research Assistant
Research Assistant

Visiting Research Associate
Research Associate
Research Associate
Research Associate
Research Assistant

Staff Assistant

Research Associate
Research Associate

Staff Assistant
Administrative Coordinator
Research Assistant -

Staff Assistant

Research Associate
Research Associate
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